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Mechanical Characteristics of Two Environmentally Friendly
Resins Reinforced with Flax Fibers
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In this paper, a comparison between the mechanical characteristics of two different natural fiber composites has been carried out. The two
composites were made using two different environmentally friendly resins, but with the same flax fiber reinforcement. Thirty-two specimens
were tested for tension, bending and shear. The results obtained in the tensile and bending tests are acceptable according to the Standards,
whereas those of the shear tests were discarded, since the samples exhibited unacceptable failure modes. In light of the results obtained,
both in terms of strength and stiffness, the isophthalic resin (181EN2X) outperformed the vinyl ester resin (VEef220ST). In the case of the
isophthalic resin, microscopic observations showed a good adhesion between the matrix and the fiber, with a small amount of air inclusions.
The present study demonstrates that the mechanical characteristics of flax reinforced and environmentally friendly resins are similar to those

achievable with the same fibers using conventional resins.
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Highlights

*  Two different natural fiber composites have been compared.

*  The two resins have wide applications in the marine industry.

*  The two composites have been obtained with two different environmentally friendly resins.

*  The mechanical properties of the manufactured composites have been determined.

*  The mechanical properties of the Resin 181EN2X are significantly improved by the presence of the fiber reinforcement.

0 INTRODUCTION

Over the past twenty years, polymer matrix
composites reinforced with vegetable fibers have
attracted great interest [1] and [2]. The increasing
attention on these materials arises from both the
excellent mechanical properties of vegetable fibers,
such as high tensile strength for low density, low
environmental impact, renewability, recyclability
and low cost. Despite the good qualities of some
types of vegetable fibers, such as flax, hemp and jute,
vegetable fiber reinforced plastics are still mainly
used for non-structural applications only. This is due
to the low strength properties that can be achieved
for the composite, despite its generally good impact
resistance and low density. The mechanical response
of a composite is strictly related to its structure [3] to
[7]. The relatively poor mechanical properties of the
vegetal fiber reinforced composites are usually due to
the following: 1) damage to the plant fibers during the
extraction process, ii) variability of fiber characteristics
depending on the source. Other drawbacks are
the difficulty in finding fabrics specially made for
composites, resulting in non-optimal orientation and
volume fractioning of the fibers that can be obtained,
and a poor affinity between the fiber and the matrix.
Moreover, due to the short length of technical plant

fibers, the reinforcement needs to be in the form of
staple fiber yarns, which have a twisted structure.
Although twisting facilitates yarn processing, it
has several detrimental effects on the composites
produced [8]. Natural fibers also have limited thermal
stability and harsh environments may seriously
affect their mechanical properties. There is, finally, a
major drawback related to the application of natural
fibers for the reinforcement of polymeric matrices:
natural fibers exhibit high moisture absorption [9]
due to the presence of hydroxyl and other polar
groups in their constituents. In the present study, the
mechanical characteristics of composites obtained
using environmentally friendly polymer matrices,
reinforced with flax fibers derived from the textile
industry, were evaluated. The aim of the research
is to assess the potential of low cost vegetable fiber
reinforced plastics. A set of experiments was carried
out in order to show whether the combination of flax
fiber reinforcement and environmentally friendly
resins could lead to high-performance materials, with
comparable structural properties to other composites
made using natural fibers and non-environmentally
friendly polymer matrices.
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1 STATE OF THE ART: VEGETABLE FIBERS AND RESINS
1.1 Vegetable Fibers

There are six basic types of natural fibers. They are
classified as follows: bast fibers (jute, flax, hemp,
ramie and kenaf), leaf fibers (abaca, sisal and
pineapple), seed fibers (coir, cotton and kapok), core
fibers (kenaf, hemp and jute), grass and reed fibers
(wheat, corn and rice) and all other types (wood and
roots) [10]. The best fibers are bast fibers and they
are extracted from the stems of plants such as flax,
jute and hemp. These fibers are composed of clusters
made up of long elementary fibers. The elementary
fibers have varying lengths depending on the kind of
plant, ranging from 20 mm to 70 mm for flax against
2 mm to 3 mm for softwood. They have extremely
thin cell walls (5 pm up to 15 um) and a diameter
between 15 um and 35 pum [11]. These clusters of
elementary fibers, whose cross section consists of 12
to 48 cells, are called technical fibers. Technical fibers
are the basic element for both the textile industry
and the preparation of composites. For example,
flax technical fibers have lengths in the range 0.3 m
to 0.6 m and diameters falling between 50 um and
500 um. As shown in Fig. 1, inside each technical
fiber, the elementary fibers are joined together by
a matrix (middle lamella) primarily consisting of
pectin and hemicellulose (structures composed of
low molecular weight polysaccharides). Typically,
elementary fibers display a 5- to 7-edge polyhedral
section, which improves the packaging capability with
respect to a circular section. They consist mainly of
cellulose, lignin and non-structural compounds such
as waxes, salts and organic nitrogen compounds [11].
The structural characteristics of elementary fibers are
mainly due to cellulose, which has a high molecular
weight and a Young’s modulus of E = 135 GPa [13].

pectin and hemicellulose
interphase (middle lamella)

) Elementary

fibres

Lumen

Fig. 1. Cross section of a technical fiber
(bundle of elementary fibers)

Inside the cell wall, cellulose can be mainly found
in the form of bundles of cellulose polymers, joined
together by means of polysaccharides (hemicellulose)
and lignin. The elementary fibers have an organized
structure of multiple layers, with a very thin outer
skin (the primary cell wall, for flax it is about 2 pm
thick) and an intermediate zone (secondary cell wall),
which is the main bearing element split into four parts.
These are named S1 to S3, along with a hollow central
part called the lumen (Fig. 2). The so-called S2 part
is the most important in terms of volume amount,
as it occupies about 80 % of the fiber volume. The
secondary cell wall consists of cellulose microfibers
spiral-wound with a certain tilt angle with respect to
the elementary fiber axis. The secondary cell wall is
included in a matrix of hemicellulose and lignin. In
the S1 and S3 areas, microfibers are wound with both
right hand and left hand helixes, hence forming a
lattice structure. Conversely, in the S2 area, they are
wound in one direction only and with a reduced helix
angle in comparison with other areas. Referring to the
S2 area, fibers derived from wood exhibit values for
the tilt angle between 10° and 30°, whereas bast fibers
have values lower than 10°, sometimes dropping
down to as low as 2°.

Lumen )
S1

}_7 Pimary cell wall

~ Secondary
cellwall

Fig. 2. Structure of a bast elementary fiber

It has been found that the mechanical properties
of the fibers are related to the tilt angle in the S2 area.
Small values of the tilt angle are generally associated
with high values of tensile strength and of the elastic
modulus of the elementary fiber. Therefore, the
architecture of the S2 area is responsible for the tensile
strength and the stiffness of the elementary fiber, the
S1 area enhances the stability of the fiber against
the compressive loads, whereas the S3 area reacts to
the internal pressure of the cell [14]. The density of
the cell wall is about 1500 kg'm-3 and appears to be
almost independent of the plant species the fiber is
extracted from. Conversely, the density of different
plant fibers is mainly influenced by the extension of
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the hollow central area (lumen) and, consequently, by
the plant age. For instance, for fibers extracted from a
mature plant, the lumen area is less than 10 % of the
whole section of the fiber itself. Therefore, the average
density of elementary fibers is quite low, on the order
of 1350 kg'm-3. As for the mechanical properties of
the technical fibers, significant discrepancies can be
found between the values reported by different authors
[11] and [15] to [17]. This occurrence is due to one or
more of the following reasons [18]: (a) cultivation
of the fiber, growth conditions of the plant, position
of the fiber in the plant, maturity of the fiber and
collection technique; (b) machining and extraction
technique or mechanical modification of the fiber
[8]; (c) testing methodologies and measurements
performed according to different standards, and
different environmental conditions during the tests.
Table 1 summarizes the main physical and mechanical
properties found in the literature [18] to [20] for some
natural fibers. The large scattering in the tensile
strength values may depend on the clamping length.
In fact, for clamping lengths greater than 25 mm,
values of tensile strength of approximately U7:S=500
MPa can be found, whereas for lower clamping
lengths (lower than 3 mm) the tensile strength may
increase up to UTS = 800 MPa to 1000 MPa. Such
behavior is due to the transition from a cohesive
failure of the interface made of pectin adhesive, which
joins the elementary fibers together, to the rupture of
the elementary fibers themselves. Moreover, when the
clamping length increases, more defects are found in
the specimen [16].

1.2 Resins

The resins that are used in fibre-reinforced composites
are composed of long chain-like molecules consisting
of many simple repeating units. Resins can be
classified under two types, ‘thermoplastic’ and
‘thermosetting’, according to the effect of heat on
their properties. Thermoplastics are softened by
heating and harden again after cooling. Widely used
thermoplastics include nylon, polypropylene and ABS,
which can be reinforced, usually by short, chopped
fibres, such as glass. Thermosetting materials, or
‘thermosets’, are formed from an in situ chemical
reaction, where the resin and hardener or the resin
and catalyst are mixed together and undergo a non-
reversible chemical reaction to form a hard, infusible
product. Once cured, thermosets do not become
liquid again if heated, although their mechanical
properties experience a significant change above a
certain temperature. This temperature is known as

the glass transition temperature (7g) and depends on
the particular resin system used, on its degree of cure
and on whether it was mixed correctly. Although there
are many different types of thermosetting resins being
used in the composite industry, the structural parts
are mainly made of polyester, vinylester and epoxy.
Most polyester resins are of the ‘unsaturated’ type.
Unsaturated polyester resin is a thermoset, capable of
being cured from a liquid or solid state under suitable
conditions. Orthophthalic and isophthalic are the main
types of polyester resins. The orthophthalic polyester
resin is the most conventional and economical. The
isophthalic resin is now becoming the preferred
material in marine industries, due to its higher water
resistance. The addition of styrene enables the resin
to cure from a liquid to a solid by ‘cross-linking’ the
molecular chains of the polyester. These resins can
therefore be moulded without the use of pressure
and are called ‘contact’ or ‘low pressure’ resins.
Vinylester resins have a similar molecular structure,
but different locations of their reactive sites, posed
only at the ends of the molecular chains. An important
issue is related to the molecular chain being able
to absorb shock loads over its whole length. As a
consequence, vinylester resins are made tougher
and more resilient than polyesters. The vinylester
molecule also features fewer ester groups. These ester
groups commonly have a detrimental effect, as they
suffer water degradation by hydrolysis. Therefore,
a further important feature of vinylesters is their
better resistance to water and many other chemicals
than their polyester counterparts. Therefore, they are
widely used in applications involving liquids, such as
pipelines and chemical storage tanks. Epoxy resins are
the resins exhibiting the best mechanical properties
and a good resistance to environmental degradation,
with many applications in aircraft construction. When
used as laminating resins, their enhanced adhesive
properties and resistance to water degradation, make
them suitable to many applications in the marine
industry.

2 MATERIALS AND METHODS

As mentioned in the introduction, the present study
focuses on flax reinforced composites. In fact, flax
is characterized by good mechanical and physical
properties, such as tensile strength, elastic modulus,
and density (Table 1), moreover its technical fibers
are available in a wide variety of tissues. We chose
a flax warp with a weight of 478 g'm=2, whose
properties are reported in Table 2 and provided by the
Ta-Bru company. Since lamination was performed by
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Table 1. Physical and mechanical properties of some natural fibers

Diameter [um] Length [mm] Density [kg-m-3] S2 spiral angle [°]  Tensile strength [MPa]  Elastic modulus [GPa]
sisal 20 1t08 1330 22 500 to 700 91020
jute 20 2105 1450 8 39310 773 27
flax 1310 22 201070 1500 51010 34510 1100 28 t0 100

hand, reduced environmental impact resins suitable
for hand lamination were selected from among the
class of thermosetting polymers. Thermosetting
polymers have, in fact, good mechanical strength,
chemical resistance, thermal stability and durability
in comparison with thermoplastic resins. The latter, in
spite of their better flexibility in terms of producing
even complex shapes, have to reach process
temperatures higher than the degradation threshold
for flax (about 230 °C). In the set of thermosetting
polymers available on the market and responding to the
needs of low environmental impact, the authors have
chosen two resins produced by the Polynt company.
The first (Resin 181EN2X) is an isophthalic with
25% polyethylene terephthalate (PET), obtained from
recycled material. The second (Resin VEef220ST) is
a vinyl ester obtained from a bisphenolic epoxy resin
with a low styrene content. Unlike the epoxy resins
these two types of resins do not need thermal treatment
after cure. In fact, thermal treatment may damage the
flax fibres. The mechanical characteristics of the two
resins are reported in Table 3 [21]. Considering the
data reported in Table 3, it is possible to observe some
differences between the isophthalic and the vinyl ester
resins. In particular, the vinyl ester resin exhibits a
lower elastic modulus and a higher ultimate strength
than the isophthalic one. These different properties
are in agreement with the related remarks in the
Subsection 1.2, where it has been pointed out that a
vinyl ester resin is more resilient than an isophthalic
one. In order to investigate the mechanical properties
of the manufactured composites, the tensile, the shear
and the bending tests have been performed, following
the most relevant standards [22] to [25]. The following
instrumentation has been used: Instron 8033 standing
press with a 25 kN load cell, MTS 3.1 station manager
software, adjustable grips for tensile testing and an
ad-hoc support for three-point loading, used for both
bending and shear tests, according to [24] and[25].

3 EXPERIMENTAL
3.1 Specimen Preparation

The specimens were prepared by hand, following the
procedure described below: (a) spreading of a release

agent on a glass plane, used as a base to facilitate
the material removal at the end of the operations;
(b) application of the first fabric layer, manually and
uniformly wetted with the resin; (c) application of the
second fabric layer, followed by manual application
of the resin using a brush. The last operation was
repeated until the desired thickness was reached.

After wetting the last layer, a layer of peel ply
was applied on the top of the stack, in order to obtain a
good surface finish.

Table 2. Fabric properties

Units Flax fabric 8615
Fiber content [%] 100% flax
Specific weight [g/m2] 478
Yarns in warp [threads/cm] 10
Warp count [] 22
Yarns in weft [threads/cm] 5
Weft count [-] 10

Table 3. Mechanical properties of the resins

181EN2X VEef220ST
Tensile strength [MPa] 60 65
Young’s modulus [MPa] 4000 3500
Elongation at break ~ [%] 2 2
Flexural strength [MPa] 98 105
Flexural modulus [MPa] 4100 3600

After that, the peel ply was covered with a micro
perforated film and an aerator layer. Then, the vacuum
sack and the hoses for air extraction were applied.
With a suitable choice of the porosity of the micro-
perforated film, the excess resin distributed during
the process was finally extracted, thus achieving
the desired weight ratio between the matrix and
the reinforcement. In the present experimentation,
the weight was equally divided between the fibers
and the resin, corresponding to a 0.5 matrix-
reinforcement ratio. For tensile and bending tests,
specimens made up of four layers, corresponding to
an overall thickness of 3.5 mm + 0.20 mm have been
manufactured, whereas nine-layer, 8§ mm + 0.20 mm
thick specimens, were prepared for the shear tests. In
order to obtain the shapes prescribed by the standards,
the plates were machined at low speed without cutting
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oil [23], type | specimens with the dimensions shown
in Fig. 3 were realized for the tensile tests. [24],
method A (three-point bending) specimens with the
dimensions shown in Fig. 4 were manufactured for the
bending tests. In light of the difficulties encountered
in manufacturing thin specimens, the specimens for
the shear test were manufactured as shown in Fig. 5,
following the procedure suggested by [24] for non-
standard specimens. The whole set of specimens is
characterized by a principal fiber orientation parallel
to the greater dimension (length). The only fibers
with perpendicular orientation with respect to the
aforementioned direction are those needed for laying
out the warp: they are on the order of 15% of the
fabric by weight.

200

60

S e — | H

o

Fig. 3. Specimen for tensile test

150 3.50

15

Fig. 4. Specimen for bending test

80 8

Fig. 5. Specimen for interlaminar shear strength test
(short-beam method)

3.2 Testing

The tensile tests were performed according to [22]
to [23]. Seven specimens for each resin were tested,
at a room temperature (R7) of RT=23°C, and a
relative humidity (¢) ¢=50%. The standing press
was equipped with a 25 kN load cell. The nominal
strain was determined according to [22], method A.

Table 4. Tensile test results for Resin 181 EN2X

The same standard was used to evaluate the Young’s
modulus. Since results may be significantly affected
by misalignments [26], the specimens were clamped
by means of self-aligning grips, with a clamping
length of 115 mm + 1 mm. The velocity of the
crosshead was set at 1.8 mm/min throughout the test.

The bending tests were run according to
[24] standard, with a three-point bending loading
configuration. The nominal span length of the
specimen was L=60 mm. Six specimens for each
resin were tested, at a room temperature of R7=23°C
and a relative humidity ¢=50%. The standing press
was equipped with a 25 kN load cell. The flexural
modulus E; was determined according to [24],
method A. The crosshead velocity was set at 1mm/
min throughout the test. The shear tests were run
according to [25] standard. Six specimens were tested
at a room temperature of R7=23°C and a relative
humidity ¢=50%. The standing press was equipped
with a 25kN load cell. The crosshead velocity was
set at I mm/min. At the end of each test, conducted
under the aforementioned loading modes, the fracture
surfaces were carefully examined in order to verify
that the incurred failures conformed to the standard
prescriptions.

3.3 Results
3.3.1 Tensile Tests

The results obtained for Resin 181EN2X and Resin
VEef220ST are collected in Tables 4 and 5 and Figs.
7 and 8 respectively. Some data have been discarded
(Rejected: Y) and were not considered for further
analyses, as the cracking did not conform to [25]
requirements.

3.3.2 Bending Test

Tables 6 and 7 and Figs. 9 and 10 show the bending
test results for Resin 181 EN2X and Resin VEef220ST,
respectively.

SpecimeniD o, [MPa] E, [MPa] Rejected onm [MPa]  Std. dev. [MPa] Ey[MPa]  Std. dev [MPa]
1 76.91 5076 N
2 77.43 4662 N
3 79.94 5169 Y
4 77.85 4898 N 75.24 3.80 4860 207
5 65.18 4679 Y
6 68.64 4629 N
7 75.38 5036 N
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Table 5. Tensile test results for Resin VEef220ST

Specimen ID o, [MPa] E; [MPa] Rejected opm [MPa] Std. dev. [MPa] Emn [MPa] Std. dev [MPa]
1 66.11 4698 Y
2 72.14 4649 N
3 70.48 4749 N
4 73.39 4654 N 7227 1.03 4822 158
5 71.95 4988 N
6 73.01 4985 N
7 72.65 4907 N

Table 6. Bending test results for Resin 181 EN2X

Specimen ID Frnax IN] oy [MPa] E; [MPa] Rejected omm [MPa]  Std. dev. [MPa] ~ Efm [MPa]  Std. dev. [MPa]
1 0.232 113.6 4166 N
2 0.235 115.1 4659 N
3 0.201 98.45 3720 N
2 0187 9159 1614 N 106.52 9.42 4437 414.2
5 0.222 108.7 4815 N
6 0.228 111.7 4653 N

Table 7. Bending test results for Resin VEef220ST

Specimen ID Frax [N] oy [MPa] E¢ [MPa] Rejected omm [MPa]  Std. dev. [MPa] ~ Efm [MPa]  Std. dev.[MPa]
1 0.167 81.93 4368 N
2 0.165 80.75 4503 N
3 0.169 82.98 4301 N
4 0.192 94.14 4906 N 83.05 513 413 214
5 0.158 77.52 4435 N
6 0.165 80.98 4570 N

Fig. 6. Specimen fractured in shear test

3.4 Discussion

The data reported in Tables 4 and 5 for tensile tests and
in Tables 6 and 7 for bending tests prove that the results
are quite consistent with each other and repeatable.
Moreover, the failure modes obtained comply with the
relevant standards. Therefore, it may be concluded that
both the matrix and the reinforcement contribute to the
overall strength of the composite. On the other hand,
results obtained in the shear test are not satisfactory
due to an unacceptable failure mode of the whole set
of specimens (Fig. 6). This outcome could be due to
the characteristics of the laminated composite. The
issue may be fixed by choosing a span length different
from that suggested by the aforementioned standard,

232

until an interlaminar failure mode is obtained. A
comparison between the characteristics of the resins
with and without reinforcement is reported in Table §.
The data referring to the resin without reinforcement
are derived from [21] and are the same as those listed
above in Table 3. In the case of resin 181 EN2X, the
reinforcement increases the ultimate tensile strength
UTS by about 25.4 %, the Young’s modulus £, by
about 21.5 %, the flexural strength oy, by about
8.7 % and the flexural modulus E, by about 8.2 %
with respect to the resin itself. In the case of resin
VEef220ST, the beneficial effect of the reinforcement
is a bit less evident in tension strength. The results
are slightly controversial in the case of the flexural
response, since reinforcement leads to an increase
in the elastic modulus, but produces a reduction
in strength. Nevertheless, the reinforcement has a
significant effect on improving the strength of the
composites especially in the case of resin 181 EN2X,
which behaves better than resin VEef220ST. The
results obtained for the first one are consistent with
those retrieved in the literature, even if some authors
obtained better properties for similar composites [17],
[18], [27] and [28]. The data for Table 8 are compared
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0 0.005 0.01 0.015 0.02 0.025 0.03
e[-]
Fig. 7. Tensile test for resin 181EN2X
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o [MPa]
5

0 0.005 0.01 0.015 0.02 0.025

e[
Fig. 8. Tensile test for resin VEef220ST

to each other in the histograms of Figs. 11 and 12.
Confidence intervals (£2-Std. Dev.) are added to
account for the scatter in the results reported in
Tables 4 to 7. The values of strengths and of elastic
moduli for composites, having the same feature of
being reinforced by flax fiber, but manufactured by
conventional epoxy resins, are added in the bar graphs
of Figs. 11 and 12 (data from [28]), as reference values.
It can be remarked that, thanks to the enhancement
provided by the reinforcement, the strength and the
stiffness of the environmentally friendly composites
made using flax fiber are comparable to those of
the reinforced composites made using conventional
resins.

0 0.01 0.02 0.03 0.04 0.05 0.06

&[]
Fig. 9. Bending test for resin 181EN2X

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05

&[]
Fig. 10. Bending test for resin VEef220ST

In order to assess the matrix-reinforcement
adhesion and the presence of defects, some specimens
manufactured with the resin 181EN2X have
been sectioned and then observed with an optical
microscope. The assessment showed that the warp
yarns have diameters of 500 um to 600 pum (Fig.
13), whereas the weft yarns have diameters between
200 pm and 250 um (Fig. 14). Air inclusions, shown
in Fig. 15, are fewer and smaller with respect to
the available data in the literature for composites
manufactured for boat hulls. The analysis of the
fracture surfaces of specimens tested in tension (Fig.
16) shows a homogeneous and regular surface. Such
an occurrence demonstrates that both the matrix and
the reinforcement participate together in the overall

Table 8. Comparison of the characteristics of the resins with and without reinforcement

ReS”El\}Ig;]ENZX +R§%TA, }IilE[ll\\llleé] Variation [%] VEe122R(?SSITn [MPa] Eegg]%vﬁgizﬁ\gs; Variation [%]
uTS 60 75.24 1254 65 72.07 112
3 4000 4860 1215 3500 4822 1377
o 98 106.52 187 105 83.05 20.9
2 4100 4437 182 3600 4513 +254

Mechanical Characteristics of Two Environmentally Friendly Resins Reinforced with Flax Fibers 233



Fig. 11.
Young’s moduli of unreinforced and reinforced composites with
environmentally friendly and conventional epoxy resins [28]
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" Resin VEef220ST

u Resin VEef220ST + 50% flax

m Reinforced composite with
conventional resin

W Resin 181EN2X

W Resin 181EN2X+ 50% flax

" Resin VEef220ST

® Resin VEef2208T + 50% flax

™ Reinforced composite with
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Comparison between a) the ultimate strengths and b) the

®Resin 181EN2X

W Resin 181EN2X+ 50% flax

" Resin VEef2208T

¥ Resin VEef220ST + 50% flax

u Reinforced composite with
conventional resin

W Resin 181EN2X
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m Resin VEef2208T + 50% flax

w Reinforced composite with
conventional resin

Fig. 12. Comparison between a) the flexural strengths and b) the
flexural Young’s moduli of unreinforced and reinforced composites
with environmentally friendly and conventional epoxy resins [28]
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Fig. 13. Cross section of a warp yarn
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Fig. 14. Cross section of a weft yarn

Fig 15. Air inclusion in a sectioned specimen

_4.'" Y RS :

Fig. 16. Fracture surface of a specimen broken in tension

tensile strength of the composite. In other words, a
good adhesion has been achieved between the two
components. From the manufacturing standpoint, a
drawback of the fibers used in the present study is that
the fibers absorb a high amount of resin, making it
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difficult to achieve a high reinforcement to the matrix
ratio.

4 CONCLUSIONS

The present study compares the mechanical
characteristics of two different composites made
of natural fiber and obtained from two different
environmentally friendly resins combined with the
same flax fiber reinforcement. Thirty-two specimens
were manufactured by hand. They were then tested for
tension, bending and shear according to the relevant
international standards. The results obtained in the case
of tensile and bending tests are acceptable according
to the standards, whereas those coming from the shear
tests have been discarded, due to unacceptable failure
modes observed. Therefore, the comparison was
carried out based on solely the tensile and bending
test results. In light of this, the isophthalic resin
(181EN2X) showed a more uniform improvement
in its properties with respect to the vinylester resin
(VEef220ST) in terms of strength and stiffness. In the
case of the isophthalic resin, microscopic observations
showed a good adhesion between the matrix and
the fiber, with a small amount of air inclusions. The
outcome is that the mechanical properties of the
isophthalic resin are remarkably enhanced by the
presence of the fiber reinforcement. In other words,
this kind of resin is able to take advantage of the
presence of flax fibers. Conversely, the addition of
the same fibers may even have a detrimental effect
with regard to the vinyl ester resin. The results of the
present study show that the mechanical characteristics
of composites created using environmentally friendly
resins can be compared with those achievable with
similar fibers but created using conventional resins.

5 NOMENCLATURE

b nominal strain at break [-];

op stress at break [MPa];

E, slope of the stress/strain curve in the strain
interval between ¢; = 0.05 % and &, = 0.25 %
[MPa];

Opm average value of ¢, [MPa];

E,, average value of £, [MPa];

O flexural strength of the test specimen at
maximum load [MPa];

E, flexural modulus of elasticity [MPa];

O rim average value of oy, [MPa];
Ej, average value of £,[MPa];
Foux failure or maximum load [N];

UTS  ultimate tensile strength of the elementary
fiber [MPa];

RT room temperature [°C];

relative humidity [-];

span length [mm];

specimen cross section width [mm];

specimen cross section height [mm)].

> o ~S
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